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Abstract
Emodin is a plant-derived natural compound with potential anti-cancer/tumor properties. In this study, we have evaluated 
the therapeutic efficacy of emodin as an anti-lymphoma drug in vivo in the Swiss Albino mice induced with Dalton Ascitic 
lymphoma (DAL). The Swiss Albino mice were induced with lymphoma by injecting the DAL cells intraperitonially and 
treated with the emodin or a standard drug methotrexate or a vehicle. Emodin has shown a significant therapeutic efficacy 
in controlling the overall DAL pathology and this was determined through gross pathology, serology, hematology, and his-
topathological readouts. Emodin reduced the tumor weight, volume, WBC count, and liver damage biomarkers like ALP 
and AST. It further reduced the inflammation at the portal areas in the liver and its associated inflammation scores. In sum-
mary, our findings show that the emodin has shown its therapeutic efficacy in controlling lymphoma in vivo highlighting its 
efficacy as an anti-lymphoma drug. Furthermore, the in silico analysis has shown that emodin as a potential drug candidate 
for lymphoma based on the Lipinski’s rule of 5 and molecular docking studies.
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Introduction

Lymphoma is a type of tumor characterized by the continu-
ous and uncontrolled proliferation of lymphoid tissues in 
the body (Jiang et al. 2017; Zhao et al. 2021). It poses a 
significant global health burden due to high mortality and 
morbidity rates (Chu et al. 2023). Clinically, lymphoma is 
treated with chemo- and radiotherapy (Anand et al. 2024). 
However, these approaches have their limitations, such as 
drug resistance, minimal efficacy, severe side effects, or 
toxicity due to the nature of treatments. These challenges 
highlight the immediate requirement for novel and effective 
drugs or therapeutics to enhance the current lymphoma treat-
ment with minimal side effects.

In this context, plant-derived natural compounds have 
gained attention for treating cancers because of their rela-
tively lower toxicity and diverse biological activities rang-
ing from anti-cancer/anti-tumor to immunomodulatory, anti-
microbial, and anti-inflammatory agents. One such molecule 
is emodin, a natural anthraquinone mostly derived from aloe 
vera, Rheum sp and Chinese Goldthread, etc. (Dong et al. 
2020; Stompor-Goracy 2021) and can induce apoptosis and 
inhibiting cell proliferation in cancer cells (Zhang et al. 
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2020) making it a potent therapeutic option with further 
study to treat lymphoma.

Furthermore, using murine lymphoma models such as 
Dalton’s Ascitic Lymphoma (DAL)-induced models pro-
vides a valuable platform to study the disease pathogenesis, 
and test and evaluate the anti-lymphoma drugs in laboratory 
settings (Debnath et al. 2018). DAL is a well-characterized 
and studied model of T-cell lymphoma that resembles the 
lymphoid malignancies in patients. This platform offers 
insight into the progression of tumors and studies the thera-
peutic effect of various drugs before translating them into 
patient treatment. Moreover, previous studies have shown 
that the DAL can be effectively induced in the Swiss Albino 
mice and lead to the development of human-like lymphoma 
pathological condition, thus offering a better murine model 
to study lymphoma pathogenesis and develop effective drugs 
(Zhou et al. 2023a, b).

In this study, we investigated the in vivo therapeutic effi-
cacy of emodin in DAL-induced Swiss Albino mice through 
gross pathology, hematology, biochemical assays, histopa-
thology, and in silico approaches. Our findings highlight that 
emodin treatment has significantly controlled the severity 
and outcomes of DAL in the mouse model.

Materials and methods

Materials

Cell line, drugs, and chemicals

The DAL cell line was purchased from the National Centre 
for Cell Sciences, Pune, India. The cells were cultured in the 
complete Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 1% penicillin, streptomycin, and 10% 
fetal calf serum. Methotrexate was purchased from IPCA 
Laboratories (Mumbai, India). > 90% pure and HPLC-
determined synthetic emodin compound was outsourced 
from Sigma, and all the other chemicals were procured from 
Merck. The emodin was dissolved in the 0.5% sodium car-
boxymethyl cellulose for experimental use (Liu et al. 2021a, 
b).

Animals

The Swiss Albino mice weighing 20–25 g were purchased 
from Kerala Veterinary and Animal Sciences University, 
Pookode, Wayanad, Kerala, India. Animals were housed in 
polyacrylic cages with 6 animals in each cage and bedded 
with rice hulls. All the animals were acclimatized under 
the standard laboratory conditions at 25 °C ± 2 °C with 
proper ventilation and a 12-h daylight cycle throughout 
the study period. All the animal procedures and protocols 

were performed between December 2020 and February 
2021 based on the standard methods according to the inter-
nal animal house guidelines of Vignan’s Foundation for 
Science, Technology, and Research (Reg. No.: 2046/PO/
ReBi/S/18/CPCSEA) and Karunya Institute of Technology 
and Sciences (IAEC/KU/BT/15/08) as per Committee for 
the Purpose of Control and Supervision of Experiments on 
Animals guidelines, Government of India.

Cell culture

The DAL cells were thawed in a water bath upon receipt 
from the supplier. The cells were washed with sterile, 
chilled 1X PBS to remove dimethylsulfoxide and other 
stabilizers from the cells. The quality of the cells was 
determined through the trypan blue method before seeding 
them in a flask for culturing. The DAL cells were seeded 
in a T-25 flask with 5 mL of completed DMEM and passed 
to a fresh flask at 85% confluency.

Anti‑lymphoma study

A total of 36 mice were used in this study. The animals 
were divided into 6 groups at 6 animals per group as fol-
lows: Group I—DAL + PBS; Group II—normal + PBS; 
Group III— DAL + 50 mg/kg of emodin; Group IV—
DAL + 100 mg/kg of emodin; Group V—DAL + 150 mg/
kg of emodin; Group VI—DAL + Methotrexate (Kumar 
And Berlin Grace 2016). Six animals were left uninduced 
with DAL, while the others were induced with DAL by 
injecting around 1.5 × 106 cells/mice through the intra-
peritoneal route (Fig. 1). The emodin dose and the type 
of vehicle were chosen based on the prior studies on its 
in vivo studies (Feng et al. 2010; Xiong et al. 2019; Akkol 
et al. 2021; Liu et al. 2021a, b; Zheng et al. 2021; Zhu 
et al. 2021). The animals were carefully monitored by the 
animal care veterinary technician for any uneasiness, ill-
ness, or behavior daily. After 15 days of treatment, all the 
experimental mice were sacrificed once they were con-
firmed doing well in terms of their health and behavior, 
and the therapeutic efficacy of emodin was assessed by 
measuring the tumor, total body measurements, blood 
parameters, serum profile, and histopathology.

Tumor and total body measurements

All the mice were sacrificed, and the total body weight, 
tumor weight, and volume were measured after 15 days of 
treatment with emodin or methotrexate. The tumor weight 
and volume were measured by collecting the ascitic fluid.
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Hematological parameters

Blood was collected from all the mice through cardiac punc-
ture in heparin-coated Eppendorf tubes. The total red blood 
cells (RBC), hemoglobin content, and white blood cells 
(WBC) were determined in each sample with the help of a 
local pathology laboratory as per our previous study (Kumar 
And Berlin Grace 2016).

Serology

An aliquot of the collected blood was centrifuged at 
2000 rpm for 20 min at 4 °C. The serum was isolated and 
stored at – 80 °C for the biochemical analysis to measure 
Alkaline Phosphatase (ALP) and aspartate aminotrans-
ferase (AST) levels in each mouse using kits procured from 
Sigma-Aldrich.

Histopathology

The liver tissues from control, normal, and treated groups 
were fixed in formalin solution for 48 h, washed twice with 
ethanol, and sent to a local pathologist for paraffin embed-
ding and sectioning. The sections were stained with hema-
toxylin and eosin, mounted, and dried overnight. The slides 
were observed under a light microscope at 40X magnifica-
tion. The inflammation grade scoring is performed accord-
ingly: 0: no inflammation; 1: mild inflammation with a few 
scattered inflammatory cells in the portal areas; 2: moder-
ate inflammation with noticeable clusters of inflammatory 

cells in the portal areas; 3: severe inflammation with dense 
and widespread infiltrates; 4: very severe inflammation with 
massive infiltration as per Knodell et al 1981.

In silico analysis

The drug-likeliness properties of emodin were assessed 
based on the standard Lipinski’s rule of 5 using the Swiss 
ADME tool (http://​www.​swiss​adme.​ch/). The structural 
information of emodin and methotrexate was submitted to 
the server in SMILES format. Further, the molecular dock-
ing studies were carried out to investigate the ability of 
emodin and the standard drug methotrexate to interact and 
affinity with the key lymphoma drug targets, such as B-cell 
lymphoma extra-large (Bcl-xL) (PDB ID: 2YXJ), cellular 
FLICE (FADD-like IL-1β-converting enzyme)-inhibitory 
protein (c-FLIP) (PDB ID: 3H13), glutathione S transferase 
(GST) (PDB ID: 2A2R), glutathione reductase (PDB ID: 
3DK8), AKT1 (PDB ID: 3O96), map kinase ERK2 (PDB 
ID: 6G54), matrix metalloproteinase 9 (MMP9) (PDB ID: 
4WZV), and signal transducer and activator of transcription 
3 (STAT3) (PDB ID: 6NUQ). Molecular docking studies 
were carried out using the Seam Dock server through Vina 
module (https://​seaml​ess.​rpbs.​univ-​paris-​dider​ot.​fr/​cloud​
less/​insta​nce/​91482​75/​ctx/​index.​html) (Murail et al. 2021).

Statistical analysis

The data presented in this manuscript are represented as 
mean ± SD. Data normality was assessed using the Shap-
iro–Wilk test before statistical analysis. All statistical analy-
ses were performed using one-way ANOVA in GraphPad 

Fig. 1   Schematic representation of the study. Swiss Albino mice were 
categorized into six groups (n = 6). Group I—DAL + PBS; Group 
II—normal + PBS; Group III—DAL + 50  mg/kg of emodin; Group 
IV—DAL + 100  mg/kg of emodin; Group V—DAL + 150  mg/kg of 
emodin; Group VI—DAL + Methotrexate. The treatment was contin-
ued for 15  days, and they were sacrificed to evaluate the therapeu-

tic efficacy by studying the gross pathology (body weight, morpho-
logical examination, tumor weight, and volume), hematology (RBC, 
hemoglobin, and WBC count), serology (ALP and AST levels), histo-
pathology (liver inflammation), and in silico analysis (drug-likeliness 
properties and molecular docking studies)

http://www.swissadme.ch/
https://seamless.rpbs.univ-paris-diderot.fr/cloudless/instance/9148275/ctx/index.html
https://seamless.rpbs.univ-paris-diderot.fr/cloudless/instance/9148275/ctx/index.html
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Prism version 10.3.1. Where applicable, multiple compar-
isons were corrected using Dunnett’s test. P values were 
considered statistically significant as follows: *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001.

Results

Gross pathology

Increase in the total body weight because of continuous 
proliferation of lymphocytes is considered an important 
readout of lymphoma distending the abdomen in tumor 
induced mice. The emodin (50 mg/kg: p < 0.0001; 100 mg/
kg: p < 0.0001; 150 mg/kg: p < 0.0001) or methotrexate 
(p < 0.0001) treatment has shown a significant decrease 
on the total body weight bringing a notable morphological 
change in DAL bearing mice and has blunted the enlarge-
ment of abdomen in mice (Fig. 2A and B). Similarly, there 
is almost 40% decrease in the tumor volume (50 mg/kg: 
p = 0.0001; 100 mg/kg: p < 0.0001; 150 mg/kg: p = 0.0005; 
methotrexate: p < 0.0001) and weights (Fig.  2C) in 

methotrexate (p = 0.0002) and emodin treatment (50 mg/kg: 
p < 0.0001; 100 mg/kg: p < 0.0001; 150 mg/kg: p = 0.0004) 
groups at all the three concentrations. However, the mice 
received a 100 mg/kg emodin dose have shown a prominent 
effect in controlling the tumor weight and volume as com-
pared to 50 mg/kg and 150 mg/kg, respectively (Fig. 2C).

Hematology

The total RBC population, hemoglobin content, and WBC 
population were estimated after sacrifice of all the animals. 
The RBC count is reduced in the tumor group as compared 
to the normal group (p = 0.0046). While the treatment with 
methotrexate or emodin at 150  mg/kg (p = 0.0046) has 
shown a positive effect on the RBC population by signifi-
cantly increasing the cell count, but not in the other groups 
(Fig. 3A). Specifically, the total RBC count in the untreated 
controls is around 2X106/uL. There is no significant change 
observed in the RBC population with either 50 or 100 mg/
kg of emodin treatment. However, their population is 
increased ~ twofold and is close to the normal levels with 
150 mg/kg of emodin treatment (Fig. 3A). A similar trend 

Fig. 2   Therapeutic effect of emodin and methotrexate on the gross 
pathology of DAL-induced mice. Emodin treatment has improved the 
gross pathology in DAL-bearing mice. A. Emodin and methotrexate 
treatment has reduced the swelling in DAL-induced mice; B emodin 
and methotrexate treatment reduced the body weights (50  mg/kg of 
emodin [n = 6; P < 0.0001]; 100 mg/kg of emodin [n = 6; P < 0.0001]; 
150  mg/kg of emodin [n = 6; P < 0.0001]; and methotrexate 
[n = 6; P = 0.0003]); C tumor volume (50  mg/kg of emodin [n = 6; 

P = 0.0001]; 100  mg/kg of emodin [n = 6; P < 0.0001]; 150  mg/kg 
of emodin [n = 6; P = 0.0005]; and methotrexate [n = 6; P < 0.0001]) 
and weights (50 mg/kg of emodin [n = 6; P < 0.0001]; 100 mg/kg of 
emodin [n = 6; P < 0.0001]; 150 mg/kg of emodin [n = 6; P = 0.0004]; 
and methotrexate [n = 6; P = 0.0002]) in treated groups. All the data 
are represented in mean ± SD. P values were considered statisti-
cally significant as follows: *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001
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is seen with emodin treatment on the hemoglobin content 
among all the groups (Fig. 3B). The percentage of hemo-
globin content is significantly increased in all the treatment 
groups (50  mg/kg: p = 0.0003; 100  mg/kg: p = 0.0010; 
150 mg/kg: p = 0.0003; methotrexate: p = 0.0010) as com-
pared to the control ones. The hemoglobin content is around 
5% in the untreated controls. The emodin treatment at all the 
three doses (50–150 mg/kg) has increased the concentration 
almost twofold which is close to that in the normal group 
without lymphoma (Fig. 3B). On the other hand, the emodin 
treatment has shown its therapeutic effect by reducing the 
total WBC population at all the concentrations (50 mg/kg: 
p = 0.0295; 100 mg/kg: p < 0.0001; 150 mg/kg: p < 0.0001) 
like the methotrexate treatment (p = 0.0010) (Fig. 3C). In the 
controls, the WBC population is around 15 cells/mlX104, 
which was leveled to that of the normal group, i.e., 10 cells/
mlX104, with almost 40% reduction in the total WBC count, 
indicating the efficacy of emodin in controlling the lym-
phoma (Fig. 3C). However, the mice treated with either 
100 or 150 mg/kg of emodin have shown a better effect in 
controlling the WBC population as compared to 50 mg/kg 
(Fig. 3C).

Serology

The serum biomarkers of the liver, such as ALP and AST, are 
used to monitor the effectiveness of anti-lymphoma chemo-
therapeutic drugs. We studied how the emodin treatment 

affected these markers. The levels of ALP (p < 0.0001) 
and AST (p < 0.0001) markers were markedly increased in 
the tumor groups than those of normal mice (Fig. 4A, B). 
The levels of these two markers were also greatly reduced 
in all the treatment groups (ALP [50 mg/kg: p < 0.0001; 
100 mg/kg: p < 0.0001; 150 mg/kg: p < 0.0001; metho-
trexate: p < 0.0001]; AST [50 mg/kg: p < 0.0001; 100 mg/
kg: p < 0.0001; 150  mg/kg: p < 0.0001; methotrexate: 
p < 0.0001]) and reached the normal level (Fig. 4A, B).

Histopathology

The liver pathology was studied from the representative 
animal from each group. The H&E staining revealed that 
the normal mice have a preserved hepatic lobular archi-
tecture and morphology. In contrast, the DAL bearing 
group with PBS only treatment shows that the portal areas 
are surrounded by severe fibrosis and massive inflamma-
tion (Fig. 5A, B). This pathological condition is relatively 
reconstituted with a significant reduction in the inflamma-
tion scores (50 mg/kg: p = 0.0001; 100 mg/kg: p < 0.0001; 
150 mg/kg: p = 0.0001; methotrexate: p < 0.0001) normal 
hepatocellular architecture in all the treatment groups 
(50–150 mg/kg of emodin and methotrexate) evidencing the 
anti-tumor activity of emodin (Fig. 5C–F). However, there 
is a slight infiltration observed in the 150 mg/kg emodin-
treated group.

Fig. 3   Therapeutic effect of emodin and methotrexate on the hemato-
logical parameters of DAL-induced mice. A RBC count (106/uL) in 
50 mg/kg of emodin [n = 6; P = 0.0838]; 100 mg/kg of emodin [n = 6; 
P = 0.2668]; 150  mg/kg of emodin [n = 6; P = 0.0046]; and metho-
trexate [n = 6; P = 0.1542]), B hemoglobin content (%) in 50 mg/kg of 
emodin [n = 6; P = 0.0003]; 100 mg/kg of emodin [n = 6; P = 0.0010]; 
150  mg/kg of emodin [n = 6; P = 0.0003]; and methotrexate [n = 6; 

P = 0.0010]), C WBC count (cells/mLX10.4) in 50  mg/kg of emo-
din [n = 6; P = 0.0295]; 100  mg/kg of emodin [n = 6; P < 0.0001]; 
150  mg/kg of emodin [n = 6; P < 0.0001]; and methotrexate [n = 6; 
P = 0.0010]). All the data represented in mean ± SD. P values were 
considered statistically significant as follows: *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001
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Drug likeliness

The drug-likeliness properties of the emodin compound 
were assessed based on Lipinski’s rule of five-molecu-
lar weight, hydrogen bond donors, acceptors, and LogP 
values. Apparently, emodin has matched all the criteria 

of Lipinski’s rules with less than 5 H-donors, molecular 
weight of less than 500 g/mol, and less than 10 H-bond 
acceptors, and with a LogP value of less than 5 (Fig. 6). 
All these values were compared with the standard drug 
methotrexate, and the emodin was found to be a better 
drug candidate to treat lymphoma.

Fig. 4   Therapeutic effect of 
emodin and methotrexate 
on the serum biomarkers in 
DAL-induced mice. A. ALP 
levels in 50 mg/kg of emodin 
[n = 6; P < 0.0001]; 100 mg/kg 
of emodin [n = 6; P < 0.0001]; 
150 mg/kg of emodin [n = 6; 
P < 0.0001]; and methotrexate 
[n = 6; P < 0.0001]), B AST 
levels in 50 mg/kg of emodin 
[n = 6; P < 0.0001]; 100 mg/kg 
of emodin [n = 6; P < 0.0001]; 
150 mg/kg of emodin [n = 6; 
P < 0.0001]; and methotrexate 
[n = 6; P < 0.0001]). All the 
data represented in mean ± SD. 
P values were considered 
statistically significant as fol-
lows: *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001

Fig. 5   Histopathological examination of liver sections from the rep-
resentative mouse in A DAL + PBS (control), B PBS + PBS (normal), 
C 50  mg/kg of emodin, D 100  mg/kg of emodin, E. 150  mg/kg of 
emodin, F and methotrexate-treated groups. G Emodin (50  mg/kg: 
n = 6, p < 0.0001; 100  mg/kg: n = 6, p < 0.0001; 150  mg/kg: n = 6, 

p < 0.0001) and methotrexate treatments (n = 6; p < 0.0001) have sig-
nificantly reduced the inflammation scores in the liver sections. All 
the data represented in mean ± SD. P values were considered statis-
tically significant as follows: *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001
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Molecular docking analysis

The inhibitory action of potential anti-lymphoma drugs is 
always correlated with their affinity to the target receptor 
(Devidas et al. 2021; Kumar et al. 2023; Singh et al. 2024). 
We have chosen Bcl-xL, c-FLIP, GST, AKT1, MMP9, 
glutathione reductase, ERK2, and STAT3 as potential tar-
gets for molecular docking studies based on their central 
roles in lymphoma pathogenesis. The Bcl-XL and c-FLIP 
are anti-apoptotic proteins that are overexpressed in lym-
phoma and thereby contribute to resistance toward apoptosis 
(Mathas et al. 2004; Oyarzo et al. 2006; Morales-Martinez 
And Vega 2022; Liu et al. 2023). On the other hand, GST 
and glutathione reductase are involved in the detoxification 
and maintaining redox balance in the cell (Alnasser 2025; 
de Cubas et al. 2025). Overactivity of these enzymes sup-
ports drug resistance and tolerance toward oxidative stress 
in lymphoma, which emodin may disrupt through pro-oxi-
dant activity (Bennaceur-Griscelli et al. 2004; Luersen et al. 
2013; Bernig et al. 2016). Similarly, AKT1 and ERK2 are 
key kinases in the PI3K/AKT and MAPK/ERK pathways, 
which are upregulated in lymphoma to promote tumor prolif-
eration and survival (Zheng et al. 2003; Rudelius et al. 2006; 
Zhang et al. 2022). MMP9 facilitates the invasion of tumors 
by degrading the extracellular matrix (Cottam And Rees 

1993; Stetler-Stevenson 2001; Fang et al. 2003; Khasigov 
et al. 2003; Halbersztadt et al. 2006; Augoff et al. 2022). 
STAT3 is persistently activated in lymphoma (Zhu et al. 
2019), drives oncogenic gene expression linked to survival, 
angiogenesis, and immune evasion, and is another known 
target of emodin.

The emodin has shown a promising interaction with these 
targets with a strong Gibbs free energy (ΔG) values of – 10.4 
(AKT); – 7.9 (Bcl-XL); – 7.1 (c-FLIP); – 8.6 (ERK2); – 8.3 
(Glutathione reductase); – 8.1 (Glutathione transferase); 
– 8.5 (MMP9); – 8.2 (STAT3), respectively (Fig. 7), stabi-
lized by the hydrophobic interactions (AKT-4; Bcl-XL-5; 
c-FLIP-3; ERK2-5; Glutathione reductase-1; Glutathione 
transferase-1; MMP9-7; and STAT3-3) and H-bonds (AKT-
4; Bcl-XL-5; c-FLIP-6; ERK2-4; Glutathione reductase-11; 
Glutathione transferase-5; MMP9-8; and STAT3-9) as 
shown in the Fig. 7 and Table 1.

The docking analysis was further carried out between 
the standard drug methotrexate and the same targets. The 
methotrexate bound to these targets efficiently with affini-
ties of – 10 (AKT); – 8.0 (Bcl-XL); – 7.0 (c-FLIP); – 8.8 
(ERK2); – 9.7 (Glutathione reductase); – 8.1 (Glutathione 
transferase); – 10.0 (MMP9); – 8.3 (STAT3) respectively 
(Fig. 8) stabilized by the hydrophobic interactions (AKT-
4; Bcl-XL-4; c-FLIP-1; ERK2-4; Glutathione reductase-1; 

Fig. 6   Drug likeliness profile of emodin and methotrexate compounds. A Swiss MADE map of emodin, B Swiss ADME map of methotrexate, 
and C Lipinski’s rule of five parameters of emodin and methotrexate
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Glutathione transferase-1; MMP9-3; and STAT3-2) and 
H-bonds (AKT-9; Bcl-XL-1; c-FLIP-1; ERK2-7; Glu-
tathione reductase-1; Glutathione transferase-8; MMP9-8; 
and STAT3-13) as shown in the Fig. 8 and Table 2.

Discussion

In the present study, we studied the anti-lymphoma activity 
of emodin in the Swiss albino mice model induced with 
the DAL ascites. DAL offers several advantages over the 
other models of lymphoma, like EL4 and A20, for the pre-
clinical screening of anti-lymphoma drugs. DAL is rap-
idly progressing with high tumor or ascitic fluid yield and 
strong response to the chemotherapies (Sriram et al. 2010). 
While EL4 and A20, which are typically used in immuno-
competent C57BL/6 and BALB/c mice and require longer 
experimental durations, DAL allows for quicker assessment 

of drug efficacy due to its aggressive nature, making it an 
ideal model for evaluating cytotoxic potential in a time- and 
cost-efficient manner (https://​www.​labco​rp.​com/​educa​tion-​
events/​artic​les/​a20-​model​ing-b-​cell-​lymph​oma-​mice). Addi-
tionally, the ease of propagation and reproducibility of the 
DAL model make it well suited for high-throughput in vivo 
studies. While not optimal for immunotherapy research due 
to its limited immunogenicity, DAL remains a valuable tool 
for early phase screening of anti-cancer compounds target-
ing lymphoma.

Our findings highlight the therapeutic potential of emodin 
in controlling the severity of lymphoma in DAL-induced 
murine model by reducing the tumor burden, which is stud-
ied through several readouts. Emodin is a natural anthraqui-
none molecule derived from various plant sources (Stompor-
Goracy 2021). It has been studied for its anti-cancer activity 
primarily because of its ability to induce apoptosis in the 
cancer cells and eliminate them (Zhang et al. 2020).

Fig. 7   Molecular docking studies of emodin with A AKT, B Bcl-XL, 
C c-FLIP, D glutathione reductase, E glutathione transferase, F map 
kinase ERK2. G matrix metalloproteinase. H Signal transducer and 

activator of transcription 3 STAT3 with their respective binding affin-
ities (I). The blue arrows indicate H-bonds and gray arrows showing 
hydrophobic interactions between the ligand and receptor

https://www.labcorp.com/education-events/articles/a20-modeling-b-cell-lymphoma-mice
https://www.labcorp.com/education-events/articles/a20-modeling-b-cell-lymphoma-mice
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Our results indicate that the emodin exhibited its anti-
tumor nature by reducing body weight, tumor weight, and 
volumes in the DAL bearing mice upon treatment. As an 
immunosuppressive agent (Qiu et al. 2020), the main aspect 
of emodin’s action against lymphoma lies in its ability to 
reduce the WBC/lymphocyte population, which is observed 
with the reduction or control of the WBC population by 
emodin in our later results in the hematology experiments.

Another important property of emodin’s action is its 
anti-inflammatory properties, which are evident from our 
serology and liver histopathological observations (Han et al. 
2015; Li et al. 2020; Cheng et al. 2022; Saha And Ahmad 
2024). The liver tissue is characterized by the presence of 
massive infiltration of immune cells and tissue necrosis with 
an increase in the liver damage biomarkers such as ALP 
and AST, which could promote the growth of tumors and 
metastasis. We found that the emodin treatment reduced the 
immune cell infiltration with a remarkable reduction in ALP 
and AST, highlighting its anti-inflammatory nature, which 
might be attributed to the down-regulation of the nuclear 
factor kappa B pathway, which is chronically activated in 
malignancies and contributes to severe inflammation and 
tissue damage (Zhu et al. 2023). Furthermore, the in silico 
analysis has also shown that the likelihood of emodin as a 
potential anti-lymphoma drug.

The molecular docking studies corroborate various exper-
imental validations for its interactions with the selected tar-
gets. Emodin was identified to downregulate the expression 
of Bcl-xl and further promote the mitochondrial-mediated 
apoptosis in various cancer models (Su et  al. 2005; Zu 
et al. 2015; Li et al. 2019; Saunders et al. 2019), which is 

Table 1   Two-dimensional interactions between the emodin and dock-
ing targets

Hydrophobic Hydrogen bond Gibbs free 
energy (Kcal/
mol)

Ligand Receptor Ligand Receptor

AKT
 C9 W80(A) CB O5 T211(A) O  – 10.4
 C14 L210(A) CB O5 T211(A) OG1
 C12 V270(A) CG1 O5 I290(A) O
 C11 D292(A) CB O5 T211(A) OG1

Bcl-XL
 C12 F123(A) CE2 O3 E124(A) OE2  – 7.9
 C7 E124(A) CG O1 W169(A) O
 C15 V127(A) CB O4 D176(A) OD2
 C12 Y173(A) CD2 O5 P116(B) O
 C14 W169(B) CZ2 O4 W169(B) NE1

c-FLIP
 C15 L422(A) CD2 O5 L412(A) O  – 7.1
 C15 W453(A) CZ3 O4 Q415(A) OE1
 C9 W453(A) CH2 O5 S416(A) O

O5 S419(A) O
O3 P420(A) O
O3 Y463(A) OH

ERK2
 C12 I31(A) CB O1 I31(A) O  – 8.6
 C1 I31(A) CD O5 Q105(A) OE1
 C3 V39(A) CG1 O3 M108(A) O
 C11 A52(A) CB O3 M108(A) N
 C11 L156(A) CD1

Glutathione reductase
 C15 A342(A) CB O5 E50(A) OE2  – 8.3

O2 T57(A) OG1
O1 T57(A) OG1
O3 A155(A) O
O4 G158(A) O
O2 G158(A) O
O1 D331(A) OD1
O2 T57(A) OG1
O1 T57(A) OG1
O1 G158(A) N
O5 S51(A) OG

GST
 C15 V35(A) CG2 O2 Y7(A) OH  – 8.1

O4 Y7(A) OH
O5 Q51(A) OE1
O1 Y108(A) OH
O4 Y7(A) OH

MMP9
 C7 L222(A) CB O2 H226(A) ND1  – 8.5
 C15 L222(A) CD2 O1 A242(A) O
 C11 V223(A) CG2 O1 L243(A) O

Table 1   (continued)

Hydrophobic Hydrogen bond Gibbs free 
energy (Kcal/
mol)

Ligand Receptor Ligand Receptor

 C4 H226(A) CB O1 Y245(A) O
 C9 L243(A) CD1 O2 M247(A) O
 C4 Y248(A) CD1 O1 M247(A) O
 C15 T251(A) CG2 O2 H226(A) ND1

O4 H226(A) NE2
STAT3
 C15 K370(A) CB O2 D369(A) OD1  – 8.2
 C12 L438(A) CB O1 D369(A) OD1
 C4 V490(A) CG2 O5 R379(A) N

O2 L436(A) O
O4 L436(A) O
O1 L438(A) N
O1 L438(A) O
O5 N491(A) OD1
O1 L438(A) N
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consistent with the strong docking score in our study. Bind-
ing of inhibitor/ligand at the functional domains of Bcl-XL 
would likely interrupt its ability to sequester the pro-apop-
totic proteins like BAX/BAK (Kang And Reynolds 2009; 
Rong et al. 2009; Westphal et al. 2014; Lopez et al. 2022). 
This facilitates the formation of the apoptosome and caspase 
activation to polarize the apoptosis in cancer cells. Simi-
larly, c-FLIP is another suppressor of extrinsic apoptosis by 
inhibiting caspase-8 at the death-inducing signaling complex 
(Chang et al. 2002). Emodin suppresses the expression of 
c-FLIP and sensitizes the cancer cells to apoptosis (Subra-
maniam et al. 2013). The predicted ligand interactions from 
this study might block its recruitment and inhibit its func-
tion. Apart from this, emodin has been reported to deplete 
glutathione and disrupt cellular redox balance in cancer cells 
(Wang et al. 2010; Li et al. 2016). Inhibition of GST and GR 
disrupts the redox homeostasis in cancer cells and elevates 
oxidative stress in cancer cells, making them susceptible 
to ROS-mediated apoptosis (Arfin et al. 2021). This sup-
ports our findings of the interaction of emodin with these 

enzymes. Emodin is known to attenuate the PI3K/AKT path-
way by inhibiting AKT1 phosphorylation (Olsen et al. 2007) 
and suppressing the expression of its downstream targets 
like mTOR (Zheng et al. 2019), GSK-3β (Hu et al. 2016), 
ERK2 (Chang et al. 2016), and STAT3 (Wang et al. 2019). 
We presume that the emodin binds to AKT1, blocks the ATP 
binding, or stabilizes its inactive state. This can collectively 
weaken growth signals with increased susceptibility to apop-
tosis. Moreover, the inhibition of EKR2 attenuates the signal 
transduction from RTKs and suppresses the expression of 
cyclins and anti-apoptotic genes (Roy et al. 2010; Tunoglu 
et al. 2024; Wei et al. 2025). In various cancer models, the 
MMP9 activity is known to be inhibited by emodin (Kim 
et al. 2005; Chen et al. 2010; Liu et al. 2021a, b). Our dock-
ing analysis indicates the direct interaction of emodin to its 
catalytic zinc-binding domain, which could impair its prote-
olytic activity and reduce metastasis. And finally, any ligand 
interference with the STAT3 dimerization or DNA-binding 
domains restricts its nuclear translocation and transcriptional 
activity of anti-apoptotic and proliferative genes like Bcl-2, 

Fig. 8   Molecular docking studies of methotrexate with A AKT, B 
Bcl-XL, C. c-FLIP, D glutathione reductase, E glutathione trans-
ferase, and F map kinase ERK2. G Matrix metalloproteinase. H 
Signal transducer and activator of transcription 3 STAT3 with their 

respective binding affinities (I). The blue arrows indicate H-bonds 
and gray arrows showing hydrophobic interactions between the ligand 
and receptor
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Table 2   Two-dimensional interactions between the methotrexate and 
docking targets

Hydrophobic interactions Hydrogen bond Gibbs free 
energy (Kcal/
mol)

Ligand Receptor Ligand Receptor

AKT
 C12 Q79(A) CB N4 T82(A) OG1  – 10.0
 C11 W80(A) CB O5 S205(A) OG
 C2 W80(A) CE3 N7 Y272(A) OH
 C6 V270(A) CG1 N6 D274(A) OD1

N3 D292(A) OD2
N4 T82(A) OG1
O2 N53(A) ND2
O5 S205(A) OG
O3 W80(A) N

Bcl-XL
 C4 F97(B) CD2 O3 G138(B) O  – 8.0
 C4 Y101(B) CE2
 C8 L130(B) CD1
 C8 A142(B)

c-FLIP
 C4 T264(A) CG2 N8 Y360(A) OH  – 7.0

L412(A) O
Q415(A) OE1
S416(A) O
S418(A) O
S418(A) OG
S418(A) OG
S419(A) O
S419(A) O
S419(A) OG
P420(A) O
Y463(A) OH
Y463(A) OH
Y463(A) OH
Y463(A) OH
S418(A) OG
S419(A) OG
S418(A) OG

ERK2
 C11 I31(A) CB O4 S41(A) OG  – 8.8
 C2 I31(A) CG2 N6 Q105(A) OE1
 C12 I31(A) CD O3 M108(A) O
 C2 L107(A) CD2 O1 E109(A) O

O1 E109(A) OE2
N5 D167(A) OD1
O4 S41(A) OG

Glutathione reductase
 C4 A342(A) CB O1 S30(A) OG  – 9.7

O3 S30(A) OG
N7 G56(A) O

Table 2   (continued)

Hydrophobic interactions Hydrogen bond Gibbs free 
energy (Kcal/
mol)

Ligand Receptor Ligand Receptor

O2 T57(A) OG1
O5 A155(A) O
O4 V329(A) O
O1 T339(A) OG1
O2 T57(A) OG1
O4 G157(A) N
O5 G31(A) N
O1 S30(A) OG
O1 T339(A) OG1
O3 S30(A) N
O3 C58(A) N
O3 S30(A) OG

GST
 C4 Q51(A) CB N2 Q51(A) OE1  – 8.1

O1 S65(A) OG
O3 S65(A) OG
N6 G205(A) O
O5 Q64(A) N
O1 S65(A) OG
O3 S65(A) N
O3 S65(A) OG

MMP9
 C8 L222(A) CB O4 A189(A) O  – 10.0
 C6 H226(A) CB O4 E227(A) OE1
 C11 Y248(A) CD1 N6 P240(A) O

N4 E241(A) O
O1 P246(A) O
N7 M247(A) O
O5 L188(A) N
O3 Y248(A) N

STAT3
 C8 A505(A) CB N3 D502(A) OD2  – 8.3
 C6 L525(A) CD1 O1 E506(A) O

O2 S509(A) OG
O3 S509(A) OG
N8 T526(A) OG1
N5 T526(A) OG1
N8 V537(A) O
N7 S540(A) OG
N5 T526(A) OG1
O2 S509(A) OG
O5 W510(A) NE1
O3 S509(A) OG
O3 S513(A) OG
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and survivin (Yang et al. 2022). Findings from these stud-
ies support the molecular docking predictions and suggest a 
multi-target mechanism through which emodin exerts anti-
lymphoma effects. These correlations validate the compu-
tational findings and highlight the therapeutic potential of 
emodin as a multi-faceted anti-cancer agent.

While our study highlights the anti-lymphoma activity 
of emodin, there are several limitations as well. First, the 
DAL model resembles the human lymphoma pathology in 
clinical settings but does not completely replicate it. Future 
studies in vitro on its cytotoxicity, anti-proliferative apop-
tosis assays, and in-depth mechanistic studies in the patient 
tumor-derived cell line study might answer this question. 
Since emodin can modulate multiple pathways in the can-
cer pathogenesis, more studies on its ability to modulate 
those pathways in controlling the lymphoma would be highly 
appreciated. Furthermore, in-depth investigation of the phar-
macokinetics, pharmacodynamics, and metabolism of emo-
din in the body will be critical in standardizing the optimal 
dosage for clinical application. However, recent studies show 
that the emodin has a moderate bioavailability (Zhou et al. 
2023a, b) and limited absorption (Zheng et al. 2021) and 
a significant first-pass metabolism through glucuronidation 
and sulfation in the liver (Shen et al. 2022; Song et al. 2022). 
From the in vivo studies, it was identified that the emodin 
reaches maximum plasma concentration within 9 min post-
administration (Peng et al. 2008). Also, its half-life is around 
11 h, and its metabolites are primarily excreted via bile and 
urine (Zhou et al. 2023a, b). These pharmacokinetic char-
acteristics suggest that sustained or repeated dosing may be 
required to maintain therapeutic levels in vivo. Therefore, 
incorporating this pharmacological context helps in inter-
preting efficacy outcomes and guides future in vivo dos-
ing strategies aimed at improving therapeutic impact and 
bioavailability.

Conclusion

In this study, we investigated the anti-lymphoma activity of 
emodin in the DAL-induced Swiss Albino mouse model. 
The mice-bearing lymphoma has shown an improved thera-
peutic outcome with emodin treatment at different doses of 
50 mg/kg, 100 mg/kg, and 150 mg/kg. Emodin treatment sig-
nificantly reduced the tumor burden in the mice with reduc-
tion in the tumor weight, volume, and abdominal swelling. 
The mice have shown a decrease in the total WBC count and 
the liver damage markers like ALP and AST. Similarly, the 
histopathological analysis has shown that the emodin treat-
ment has reduced the overall leukocyte infiltration near the 
portal areas and inflammation in the liver tissue. These find-
ings were compared along with a standard drug methotrexate 
treatment. The drug-likeliness properties of emodin were 

compared along with the methotrexate and docking studies. 
The in silico analysis has shown emodin possess all the five 
rules of Lipinski’s and has shown a strong interaction with 
the potential anti-lymphoma targets. Overall, emodin has 
shown a better or considerable therapeutic activity in our 
study by controlling the severity of lymphoma in comparison 
with the methotrexate. However, further in-depth mecha-
nistic and clinical studies are required to evaluate its safety 
before translating this molecule for lymphoma therapy.
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